




Determining the WIMP mass using the omplementarity
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Abstrat
We study the possibility of identifying dark matter properties from XENONlike 100
kg experiments and the GLAST satellite mission. We show that whereas diret detetion
experiments will probe eiently light WIMPs, given a positive detetion (at the 10% level
for mχ . 50 GeV), GLAST will be able to onrm and even inrease the preision in the ase
of a NFW prole, for a WIMP-nuleon ross-setion σχ−p . 10
−8
pb. We also predit the
rate of prodution of a WIMP in the next generation of olliders (ILC), and ompare their
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There exist strong evidenes that a large fration of the matter in our Universe is non-luminous
[1℄. Suh evidenes inlude the motion of luster member galaxies [2℄, gravitational lensing
[3℄, osmi mirowave bakground [4℄, observations of the at rotation urves of galaxies
[5℄, et. Dark matter plays a entral role in urrent struture formation theories, and its
mirosopi properties have signiant impat on the spatial distribution of mass, galaxies
and lusters. Unraveling the nature of the dark matter is therefore of ritial importane. A
Weakly Interating Massive Partile (WIMP), with mass lying from the GeV to the TeV sale,
is one of the preferred andidates for the dark matter of the Universe.
Dierent experimental programs are developing huge eorts to observe and identify the
partile nature of the dark matter. This an be ahieved by diret measurement of the re-
oil energy of a nuleus by a WIMP, or indiretly via the observation of WIMP annihilation
produts. In both ases, the sensitivity depends strongly on the bakground and on the theo-
retial assumptions of the model. It would be interesting to ombine all these eorts to invent
intelligent strategies for determining the nature of dark matter [6℄. Reently, several works
(see Refs. [7℄ and [8℄ for the ase of diret and indiret detetion respetively) have shown
that preision measurements of the mass of the WIMP are not only reserved to the domain
of aelerator physis. In all these studies, model independent bounds are derived for annihi-
lation ross-setions, masses or WIMPnuleus sattering ross-setions. The drawbak of a
model-independent framework (lak of determined mirosopi proesses) is largely ompen-
sated by the universality of the method: instead of restriting a theoretial parameter spae,
we restrit physial observable quantities (masses, branhing ratios). Indeed, these limits are
valid for all andidates for WIMPs, suh as for example the supersymmetri neutralino, the
lightest Kaluza Klein exitation, et.
The aim of the present work is to analyse two of the most promising experiments, XENON
[9℄ and GLAST [10℄, alulating and omparing their sensitivity to a WIMP mass depending
on the astrophysial hypothesis (veloity distribution of WIMPs, density prole of the galati
halo). In addition, using the known osmologial abundane of dark matter in the Universe,
we predit the radiative WIMP prodution rate in the next generation of olliders (ILC) and
ompare their sensitivity to the WIMP mass with the XENON and GLAST projets. The pa-
per is organised as follows. In setion 2 we disuss the event rate and WIMP-nuleon sattering
ross-setion for a XENON-like experiment, in a omplete mirosopi model-independent ap-
proah. In Setion 3 we arry out a similar analysis for the GLAST experiment, disussing in
this ase the WIMP annihilation ross setion, and taking into aount dierent halo proles.
Setion 4 is dediated to the omparison between these two modes of detetion. In Setion 5
we analyse the sensitivity that we an expet in suh a model-independent framework for a
linear ollider. Finally, in Setion 6 we arry out the omparison between the three detetion
modes. The onlusions are left for Setion 7.
2 Diret detetion
2.1 Dierential event rate
In spite of the experimental hallenges, a number of eorts worldwide are atively pursuing
to diretly detet WIMPs with a variety of targets and approahes. Many diret dark matter






















Figure 1: XENON expetations for event rate in the ase of a WIMP mass mχ = 100 GeV and ross setion
σχ−p = 10
−9
pb. The error bars shown are those expeted for the XENON 100 kg experiment after 3 years of
observation. The lower (blue) line is the bakgroundonly predition. The χ2 per degree of freedom (χ2red) is 59,
giving a signal learly distinguishable from the bakground.
measure the number N of elasti ollisions between WIMPs and target nulei in a detetor,
per unit detetor mass and per unit of time, as a funtion of the nulear reoil energy Er.
The detetion rate in a detetor depends on the density ρ0 ≃ 0.3 GeV m−3 and veloity
distribution f(vχ) of WIMPs near the Earth. In general, the dierential rate per unit detetor













where the WIMP-nuleus ross setion, σχ−N , is related to the WIMP-nuleon ross setion,
σχ−p, by σχ−N = σχ−p(Amr/Mr)
2
, with Mr =
mχmp
mχ+mp




the WIMP-nuleus redued mass, mχ the WIMP mass, mN the nuleus mass,
and A the atomi weight. F is the form fator.











where v0χ ≃ 220 km/s is the veloity of the Sun around the galati enter, and we have
negleted the motion of the Earth around the Sun. After integrating over the angular part in












The integration over veloities is limited to those whih an give plae to a reoil energy Er,














where the transferred momentum is q =
√
2mN Er, j1 is a spherial Bessel funtion, R1 =√
R2 − 5 s2 with R ≃ 1.2 · A1/3 fm, A the mass number, and s ≃ 1 fm.
In order to ompare the theoretial signal with the bakground it is neessary to alulate
the χ2. Let us all N sign the signal, N bkg the bakground and N tot = N sign +N bkg the total
signal measured by the detetor. We will divide the energy range between 4 and 30 keV in
n = 7 equidistant energy bins. For the disrimination between the signal and the bakground









Here we are assuming a Gaussian error σi =
√
Ntoti
M ·T on the measurement, where M is the
detetor mass and T the exposure time.
We show in Fig.1 an example of a signal with a standard neutron bakground in a XENON
like (100 kg) experiment, after 3 years of data aquisition, as a funtion of the reoil energy. For
a WIMP mass of 100 GeV and a WIMPnuleon ross-setion of 10−9 pb, suh an experiment
would reah a pretty large χ2 per degree of freedom (χ2red) , of the order of 60.
2.2 The XENON experiment
The XENON experiment at the Gran Sasso national laboratory aims at the diret detetion of
dark matter via its elasti sattering o xenon nulei. It was deployed underground in Marh
2006 and has been in ontinuous operation for a period of about one year. It allows the
simultaneous measurement of diret sintillation in the liquid and of ionization, via propor-
tional sintillation in the gas. In this way, XENON disriminates signal from bakground for
a nulear reoil energy as small as 4.5 keV. Currently a 10 kg detetor is being used, but the
nal mass will be 1 ton of liquid xenon. In Fig.2, we show the sensitivity urve for Xenon10
(M = 10 kg) and Xenon1T (M = 1 ton) for T = 3 years of data aquisition.
In our study, following Ref. [9℄ we will onsider 7 energy bins between 4 and 30 keV and 3
years of data aquisition for a 100 kg XENON experiment. Suh experimental onditions and
time of exposure an be ahieved after the 6 years of GLAST mission and justify the om-
parison between the two detetion modes. We ould take into aount non-zero bakground
using simulations of the reoil spetra of neutrons in our analysis, and this would signiantly
degrade the sensitivity of the detetor. However, this would involve a muh more detailed
study of the detetor omponents (shielding, et.), and we will not arry it out. In that sense,
our results will be the most optimisti.
3 Indiret detetion
3.1 Dierential event rate
The spetrum of gammarays generated in dark matter annihilations and oming from a
diretion forming an angle ψ with respet to the galati enter is


































Figure 2: Spin-independent WIMP-nuleon ross-setion versus WIMP mass for χ2 = 1, 4 and M=10 kg and 1
ton.
a (kp) α β γ J¯(4 · 10−3sr)
NFW 20 1 3 1 5.859 · 102
NFWc 20 0.8 2.7 1.45 3.254 · 104
Moore et al. 28 1.5 3 1.5 2.574 · 104
Moorec 28 0.8 2.7 1.65 3.075 · 105
Table 1: NFW and Moore et al. density proles without and with adiabati ompression (NFWc and Moorec
respetively) with the orresponding parameters, and values of J¯(∆Ω).
where the disrete sum is over all dark matter annihilation hannels, dN iγ/dEγ is the dif-
ferential gammaray yield, 〈σv〉 is the annihilation ross-setion averaged over its veloity
distribution, Bri is the branhing ratio of annihilation into i nal state, and ρ is the dark
matter density. We desribe in more detail the method followed, in order to obtain the spetral
funtion desribing the standard model partile deay into γ-rays, in the Appendix.
It is ustomary to rewrite Eq. (3.6) introduing the dimensionless quantity J (whih de-









ρ2(r(l, ψ)) dl . (3.7)
After having averaged over a solid angle, ∆Ω, the gammaray ux an now be expressed as














The value of J(∆Ω)∆Ω depends ruially on the dark matter distribution. The most ommon





(r/R0)γ [1 + (r/a)α](β−γ)/α
, (3.9)
where ρ0 is the loal (solar neighborhood) halo density, a is a harateristi length, and R0
the distane from the Sun to the galati enter. As mentioned above, we will use ρ0 =
0.3 GeV/m3 throughout the paper, but sine this is just a saling fator in the analysis,
modiations to its value an be straightforwardly taken into aount in the results. Nbody
simulations suggest a uspy inner region of dark matter halo with a distribution where γ
generally lies in the range 1 (NFW prole [11℄) to 1.5 (Moore et al. prole [12℄), produing a
prole with a behavior ρ(r) ∝ r−γ at small distanes. Over a solid angle of 4 · 10−3 sr, suh
proles an lead from J(∆Ω) ∼ 5.859 ·102 to 2.574 ·104. Moreover, if we take into aount the
baryon distribution in the Galaxy, we an predit even more uspy proles with γ in the range
1.45 to 1.65 (J(∆Ω) ∼ 3.254 · 104 − 3.075 · 105) through the adiabati ompression proess
(see the study of Refs. [13, 14℄). We summarize the parameters used in our study and the
values of J¯ for eah prole in Table 1. It is worth notiing here that we are negleting the
eet of lumpyness, even though other studies showed that, depending upon assumptions
on the lumps' distribution, in priniple an enhanement of a fator 2 to 10 is possible [15℄.
In this respet, the following preditions on the gamma-ray ux from the galati enter are
onservative.
3.2 Modeling the galati enter bakground.
HESS [16℄ has measured the gammaray spetrum from the galati enter in the range of
energy ∼ [160 GeV10 TeV℄. The ollaboration laims that the data are tted by a powerlaw
φHESSbkg (E) = F0 E
−α
TeV, (3.10)
with a spetral index α = 2.21 ± 0.09 and F0 = (2.50 ± 0.21) · 10−8 m−2 s−1 TeV−1. The
data were taken during the seond phase of measurements (JulyAugust, 2003) with a χ2 of
0.6 per degree of freedom. Beause of the onstant slope powerlaw observed by HESS,
it turns out possible but diult to oniliate suh a spetrum with a signal from dark
matter annihilation [14, 17℄. Indeed, nal partiles (quarks, leptons or gauge bosons) produed
through annihilations give rise to a spetrum with a ontinuously hanging slope. Several
astrophysial models have been proposed in order to math the HESS data [18℄. In the
present study we onsider the astrophysial bakground for gammaray detetion as the one
extrapolated from the HESS data with a ontinuous powerlaw over the energy range of
interest (≈ 1  300 GeV). As was reently underlined in Ref. [19℄, GLAST sensitivity will be
aeted by the presene of suh an astrophysial soure. Note that the WIMP masses that
we shall obtain in our parameter spae . 1 TeV avoid any onit with the observations of
HESS.
In addition, we have also taken into aount the EGRET data [20℄ in our bakground
at energies below 10 GeV (φEGRETbkg (E)), as they an aet the sensitivity of the analysis.
Indeed, the extrapolation of the gammaray uxes measured by HESS down to energies as
low as 1 GeV is likely to be an underestimation of the gammaray bakground in the galati
enter, as EGRET measurements are one to two orders of magnitude higher than the HESS
extrapolation. We thus deided to take as bakground an interpolation between the HESS
extrapolation and the EGRET data below 10 GeV to stay as onservative as possible in
evaluating the gammaray bakground.
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Figure 3: GLAST expetations for gammaray uxes in the ase of a WIMP mass mχ = 180 GeV and ross
setion 〈σv〉 = 3 · 10−26 m3s−1. A NFW halo prole has been adopted. The error bars shown are those projeted
for the GLAST experiment after a six-year mission run, assuming the galati enter will be within its eldofview
50% of the time. The lower (blue) line is the bakgroundonly predition. The χ2red is 132, giving a signal learly
distinguishable from the bakground.
Finally, we will onsider the diuse bakground of gamma rays in the region surround-
ing the galati enter. We will desribe the spetrum of the bakground using the HESS
observation from the Galati Center Ridge [16℄, whih an be desribed by
φdiffbkg(E) = 1.1 · 10−4E−2.29GeV GeV−1cm−2s−1sr−1 . (3.11)
We will onsider in our analysis the inner 2o × 2o eld of view (∆Ω = 4 · 10−3 sr) with 50
energy bins logarithmially distributed between 1 and 300 GeV. During the ompletion of our
work, the authors of Ref. [8℄ gave a more detailed and sophistiated statistial analysis of the
diuse bakground, adopting an overall normalization around the galati enter and taking
into aount a statistial spread funtion as GLAST would be able to probe in this region.
However, we have heked that our results are not signiantly modied and we reover similar
results onerning the prospets of GLAST.
3.3 The GLAST experiment
The spaebased gammaray telesope GLAST [10℄ is sheduled for launh in May 2008 for
a ve-year mission. It will perform an all-sky survey overing a large energy range (≈ 1 
300 GeV). With an eetive area and angular resolution on the order of 104 cm2 and 0.1o
(∆Ω ∼ 10−5 sr) respetively, GLAST will be able to point and analyze the inner enter of the
Milky Way (∼ 7 p). Conerning the requested ondition on the χ2 for a signal disovery, we
have used an analysis similar to the one onsidered in the ase of diret detetion in setion
2.1, with a six-year mission run, assuming the galati enter will be within its eldofview
50% of the time [10, 21℄. In Fig. 3 we show the ability of GLAST to identify a signal from
dark matter annihilation for a WIMP mass of 180 GeV. The error bars shown are projeted
assuming Gaussian statisti, and we adopt the bakground desribed above inluding Poisson
noise. In the following, we will onentrate on a proess whih gives 100% annihilation to
WW . We have heked that the dependene on the nal state does not inuene signiantly




















Figure 4: Distribution of the maximum likelihood WIMP mass, mχ, and ross-setion, σχ−p, for 3 years of
exposure in a 100 kg XENON experiment, for mχ = 20, 100, 500 GeV and σχ−p = 10
−8
pb. The inner (full) and
outer (dashed) lines represent the 1 and 2σ region respetively. The rosses denote the theoretial input parameters
(σχ−p, mχ).
in a spei ase in Setion 5 dediated to the ILC experiment.
4 Diret versus indiret detetion experiments
We show in Fig. 4 (Fig. 5) the ability of XENON (GLAST) to determine the mass and
sattering (annihilation) ross-setion for a 20 (50), 100 and 500 GeV WIMP. We learly see
how sensitive both experiments are to light WIMPs: the preision an easily reah the perent
level for XENON and GLAST for
1 mχ . 50 GeV. Indeed, the reoil energy of the nuleus
depends on the redued mass (see Eq. 2.1). For WIMPs muh heavier than the nuleus mass
(∼ 100 GeV for Xenon), mr ∼ mN , and therefore independent of the WIMP mass. This is
learly reeted in the unertainties at 1 and 2σ in Fig. 4 for a 500 GeV WIMP. On the
other hand, the gammaray spetrum will give more preise measurements if the mass of
the WIMP lies within the GLAST sensitivity range. Indeed, the shape of the spetrum will
be easily reonstruted above the HESS/EGRET and diuse bakground if the endpoint of
the annihilation spetrum lies within the energy range reahable by GLAST [0.1− 300 GeV℄.
Furthermore, we have studied the inuene of the variation of the inner slope of the halo prole
on the resolution of the WIMP mass. In addition to the NFW prole, we have onsidered
some NFWlike proles, allowing the γ parameter in Eq. (3.9) to vary from its original value
by 10%. This is shown in Fig. 6, where in addition to the NFW halo prole (γ = 1) we
also study proles with γ = 0.9, 1.1. As expeted, the larger the γ is, the more enhaned
the galati gamma ray ux beomes, and the better the WIMP mass resolution turns out
1
During the nalization of this work, Drees and Shan in Ref. [7℄ showed that one an even inrease suh a






















Figure 5: Distribution of the maximum likelihood WIMP mass, mχ, and annihilation ross-setion, 〈σv〉, after
6 years of observation (50% of time exposure) of the galati enter with GLAST, with the hypothesis of a NFW
halo prole, for mχ = 50, 100, 500 GeV and 〈σv〉 = 3 · 10−26 m3s−1. The inner (full) and outer (dashed) lines
represent the 1 and 2σ region respetively. The rosses denote the theoretial input parameters (〈σv〉, mχ).
to be. It is worth notiing here that in the ase of a ompressed NFW prole (γ ∼ 1.45),
the preision of GLAST inreases by two orders of magnitude. Finally, let us remark from
Figs. 4 and 5, how two ompletely dierent means of observation, with ompletely dierent
signal/bakground physis, are in fat ompetitive (and so omplementary) in the searh for
the dark matter.
In Fig. 7 we ompare the preision level for both experiments as a funtion of the WIMP
mass, for dierent values of the spin-independent ross-setion (10−7, 10−8 and 10−9 pb) and
for dierent halo proles. We see that at 95% of ondene level GLAST, after 3 years of
exposure (6 years of taking data at 50% of time exposure), will have an equivalent sensitivity to
a 100 kg XENON-like experiment after 3 years of running if σχ−p . 5 ·10−9 pb, independently
on the WIMP mass. The indiret detetion by GLAST will always be able to give an upper
bound on the WIMP mass for mχ ∼ 100 GeV, whereas a XENON-like 100 kg experiment
would only give a lower bound value if σχ−p . 10
−9
pb. In all ases, the lower bounds given
by GLAST for a NFW halo prole are similar to the ones given by a XENON-like 100 kg
experiment for any WIMP mass if σχ−p . 10
−9
pb.
To ompare the unertainties on the WIMP mass expeted from diret and indiret de-
tetion modes, we plotted in Fig. 8
∆mχ
mχ
as a funtion of the WIMP mass for dierent values
of σχ−p and dierent types of halo proles, NFW and NFW. One an learly see in the left
panel of Fig. 8 that GLAST will be ompetitive with XENON 100 kg to measure the WIMP
mass in the ase of a NFW halo prole only if σχ−p . 10
−8
pb. For a NFW ompressed
halo prole (right panel of Fig. 8), the preision obtained by GLAST is muh better. The
experiment would even be able to measure the WIMP mass at the 10% level for a 1 TeV dark
























Figure 6: NFWlike halo prole with γ = 0.9, 1 (NFW) and 1.1 at 95% ondene level.
5 WIMP dark matter at present and future olliders
Among the most important soures of information onerning WIMP dark matter are, obvi-
ously, ollider experiments, both present, suh as the Tevatron or the onoming Large Hadron
Collider (LHC) and future, suh as the International Linear Collider (ILC). In fat, there is
a quite general agreement on the fat that despite the signiant progress in astropartile
physis experiments, whih manage to impose more and more onstraints on various models,
ollider experiments remain an irreplaeable soure of information for partile physis. It is
quite natural thus, to examine the potential of olliders to onstrain WIMP properties. We
will examine the extent at whih astropartile and ollider experiments beome ompetitive,
trying at the same time to stay as model-independent as possible.
This last point is, in fat, the major diulty in treating ollider experiments to extrat
astropartile data: most studies performed for new physis at olliders are very strongly model
dependent. This is almost unavoidable for the ase of the LHC, due to the hadroni nature
of the olliding partiles. The large unertainties on the parton distribution funtions (and,
hene, on the initial energy of the olliding partiles/partons) render it extremely diult (in
fat, pratially impossible) to look beyond the transverse plane. This fat obviously limits
-up to a ertain point- the preision that ould be obtained with respet to, for example, an
e+e− ollider. As a result, it is quite diult to make preditions in a model-independent
way, sine a whole set of parameters must be taken into aount in order to perform onrete
preditions. The ruiallity of these unertainties will beome learer in the following.
5.1 The Approah
Reently, an approah was proposed in referenes [22, 23℄ whih allows to atually perform a
model-independent study of WIMP properties at lepton olliders (suh as the ILC projet).









































































Figure 7: Comparison between 100 kg XENON-like experiment and GLAST sensitivity in the ase of dierent
halo proles, at 95% of ondene level, for several WIMP masses (50, 100 and 500 GeV) and WIMPnuleon



























Figure 8: 1 and 2σ error for GLAST experiment (blue-dashed) for 〈σv〉 = 3 · 10−26 m3s−1 in the ase of a NFW
(left) and NFW

(right) halo prole, ompared with the XENON 100 kg experiment for σχ−p = 10
−7
pb (red-solid)
and σχ−p = 10
−9
pb (green-dotted).
dark matter andidate. A generi WIMP an annihilate into pairs of standard model partiles:
χ+ χ −→ Xi + X¯i . (5.12)
However, the proedure taking plae in a ollider is the opposite one, having only one speies
of partiles in the initial state. The idea proposed in Ref. [22℄ is to orrelate the two proesses
in some way. This an be done through the so-alled detailed balaning equation, whih
reads:
σ(χ+ χ→ Xi + X¯i)







where vi and Si are respetively the veloity and the spin of the partile i. The ross-setion
σ(χχ→ XiX¯i) is only averaged over spins.








where J is the angular momentum of eah annihilation wave. Now, for low veloities, the
lowest-order non-vanishing term in the last equation will be dominant. So, we an express
the total annihilation ross-setion as a sum of the partial ones over all possible nal states















By ombining Eqs. (5.13) and (5.16) we an obtain the following expression for the WIMP
pair-prodution ross-setion:











Now, a few remarks should be made about the validity of this formula:
• Equation (5.17) is valid for WIMP pair-prodution taking plae at enter-of-mass ener-
gies just above the pair-prodution threshold.
• The detailed balaning equation is valid if and only if the proess under onsideration
is haraterized by time-reversal and parity invariane. It is well known that weak
interations violate both of them, up to some degree, whih we ignore in this treatment.
A proess of the form XiX¯i −→ χχ is not visible in a ollider, sine WIMPs only manifest
themselves as missing energy. At least one detetable partile is required for the event to
pass the triggers. An additional photon from initial state radiation (ISR) is required to be
reorded on tape: XiX¯i −→ χχγ. We an orrelate the WIMP pair-prodution proess to the
radiative WIMP pair-prodution for photons whih are either soft or ollinear with respet to
the olliding beams. In this ase, the two proesses are related through [22℄ :
dσ(e+e− → 2χ+ γ)
dxd cos θ
≈ F(x, cos θ)σ˜(e+e− → 2χ) , (5.18)
where x = 2Eγ/
√
s, θ is the angle between the photon diretion and the diretion of the
inoming eletron beam, σ˜ is the WIMP pair-prodution ross-setion produed at the redued
enter of mass energy s˜ = (1− x)s, and F is dened as:
F(x, cos θ) = α
pi





Now, by ombining Eqs. (5.18) and (5.17) we get the master equation:
dσ
dxd cos θ
(e+e− → 2χ+γ) ≈ ακeσan
16pi














The problem is that very ollinear photons fall outside the reah of any detetor, due to
pratial limitations in the overage of the volume around the beam pipe. Also, typially,
lower uts are inluded in the deteted transverse momentum of photons, pT = Eγ sin θ, in
order to avoid exessive bakground signals at low energies. So, if we are to use this approah,
we have to examine its validity outside the soft/ollinear region. The auray of the ollinear
approximation for hard photons at all angles has been disussed in the original paper [22℄,
with the onlusion that the approah works quite well.
However, an important point should be taken into aount here. From the previous dis-
ussion on the validity of the method, we have to impose spei kinematial uts on the
deteted photons. We onsider the following onditions:
• We demand an overall ondition sin θ ≥ 0.1 and pT ≥ 7.5 GeV in order to assure the
detetability of the photons.
• In order to assure the fat that any photon under examination orresponds to non-
relativisti WIMPs, we demand v2χ ≤ 1/2. This gives a lower kinematial ut, along






















Figure 9: Radiative neutrino prodution bakground e+e− → νν¯γ for the ILC, for an unpolarized initial state.
These onditions present a aw: the energy limits depend on the mass we wish to onstrain.
On the other hand, for the reasons explained before, we annot treat the signals without
imposing suh kinds of uts, if we do not want either to abuse the method or stik to heavy
WIMPs (whih, for kinematial reasons, annot be relativisti). The only way to evade this
problem is to suppose that other dark matter detetion experiments (or, eventually, the LHC
in the framework of spei models) will have already provided us with some sort of limits on
the WIMP mass. In this ase, having an idea of the region in whih the WIMP mass falls,
we an also estimate the uts that will safely keep us outside the relativisti region and only
onsider photons within this region.
The main soure of bakground events is the standard model radiative neutrino prodution,
e+e− −→ νν¯γ. Apart from these bakground events, various models predit additional signals
of the form γ + missing energy, one of the most well-known examples being radiative
sneutrino prodution [24, 25℄, predited in the framework of several supersymmetri models.




We plae ourselves in the framework of the ILC projet with a enter-of-mass energy of√
s = 500 GeV and an integrated luminosity of 500 fb−1. In order to estimate the bakground
events, we used the CalHEP ode [26, 27℄ to generate 1.242.500 e+e− −→ νν¯γ events,
orresponding to the aforementioned onditions. The total radiative neutrino prodution
bakground an be seen in Fig. 9. The peak at Eγ =
√
s/2 · (1 − M2Z/s) ≃ 241.7 GeV
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Figure 10: Distribution of the maximum likelihood WIMP mass and annihilation fration for the ILC in the
(mχ, κe) plane, for κe = 0.3 and mχ = 125, 150, 175 and 200 GeV. The inner (full lines) and outer (dashed lines)
represent the 1 and 2σ region respetively.
We use the same χ2 method as previously. We generate a predited observable spetrum
for given values of the WIMP mass and the annihilation fration. During this study, we do
not proeed to a (more realisti) full detetor simulation, as done for example in Ref. [28℄, but
stik to predition levels in order to perform as thorough a san as possible in the (mχ, κe)
parameter spae and to have a piture of the a priori potential of the method.
Figure 10 shows the predited ability of the ILC to determine WIMP masses and anni-
hilation frations for four points in the (mχ, κe) parameter spae for a 1σ and 2σ preision.
These results onern WIMPs with spin Sχ = 1/2 and an angular momentum J0 = 1 whih
orresponds to an annihilation ross-setion σan = 7 pb [22℄. As an be seen, we are able to
onstrain quite signiantly the WIMP mass (20% − 40% preision), while onstraints on κe
are weaker.
Figure 11 shows the relative error (∆mχ/mχ) for the mass reonstrution as a funtion of
mχ, for κe = 0.3 and a 2σ ondene level. The solid line orresponds to the proper treatment
inluding kinematial uts. For indiative reasons, we also show the abused results obtained
if we do not impose kinematial uts on the photon energy (dashed line). The amelioration of
the method's eieny is obvious, although this is after all a false fat, sine we inlude regions
in whih the approah is not valid. Above mχ ≃ 175 GeV the two lines beome idential,
sine the WIMPs annot be relativisti. The apaity of the method peaks signiantly for
masses of the order of 175 GeV beause around this value we reah an optimal ombination of
phase spae volume and available spetrum that passes the kinematial uts and an, hene,
be used for the alulation of the relevant χ2; whereas as we move away from this value the
auray tends to fall.

















Figure 11: Relative error in a generi WIMP mass determination, for κe = 0.3 and at a 2σ ondene level. The
solid line orresponds to the results obtained after imposing the proper kinematial uts, whereas the dashed line
to the ase where we do not take these limits in onsideration.
of the LHC. As we argued before, the large unertainties entering the parton distribution
funtions and, hene, the large unertainty in the ollision energy, aet signiantly the
preision of the whole proedure (whih is, already, based on approximations). Formally, in
order to perform suh a study for the LHC, the omputed ross-setions must be onvoluted
with the proton form fators. As an additional element, the photon bakground in the LHC is
expeted to be muh greater than in the ILC. The possibility of determining WIMP properties
through a model-independent method at the LHC has been addressed to in Ref. [29℄, where
the authors onlude that WIMP detetion will be extremely diult, if even possible.
5.2.2 Polarized beams
The reah of the ILC an be further inreased by polarizing the beams. For polarized beams,
the signal annot be fully haraterized by κe; instead, four independent annihilation frations
are needed, orresponding to the four possible e+e− heliity ongurations.




















+) + (1− P+)κ(eL−eR+)
]
, (5.22)
where P± are the polarizations of the positron and the eletron beams. As in ref [22, 28℄, let us































Figure 12: Relative error in a generi WIMP mass determination, for three ases of beam polarization, inluding
all proper kinematial uts.
mχ XENON GLAST ILC
50 GeV ±1 GeV ±8 GeV −
100 GeV ± 6 GeV −25/+ 32 GeV −40/+ 20 GeV
175 GeV −25/+ 35 GeV −70/+ 100 GeV −20/+ 15 GeV
500 GeV − − −
Table 2: Preision on a WIMP mass expeted from the dierent experiments at 2σ after 3 years of exposure,
σχ−p = 10
−7
pb a NFW prole and a 500 GeV linear ollider unpolarized with a luminosity of 500fb−1
In Fig.12 we show the relative error for the mass reonstrution for κe = 0.3 and 2σ
ondene level, for the unpolarized senario and for two dierent polarizations: (P−, P+) =
(0.8, 0) and (0.8, 0.6).
6 Complementarity
In Fig.13 we ompare the preision levels for diret and indiret detetion experiments, along
with the orresponding results of the method we followed for the ILC for two ases of WIMPs
masses, mχ = 100 GeV and 175 GeV, and κe = 0.3. We plot the results in the (mχ, κe) plane.
This is done as the κe parameter entering the ILC treatment presented before is, in fat, the
same parameter as the orresponding branhing ratio Bri =
〈σiv〉
〈σv〉 appearing in eq. (3.6) for
i = e.
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The blue-dotted line orresponds to a 100 kg XENON-like experiment, where the WIMP-
nuleus ross-setion has been assumed to be 10−7 pb. The green-dashed line depits the
results for a GLAST-like experiment assuming a NFW halo prole. The total annihilation
ross-setion into standard model partiles has been taken to be 〈σv〉 = 3 ·10−26 m3s−1. The
red-plain line represents our results for an ILC-like ollider, with non-polarized beams. All
the results are plotted for a 2σ preision level.
We an see that for dierent regions of the WIMP mass, the three kinds of experiments
that we have used as prototypes an at in a highly omplementary way. For example, for the
ase of a 100 GeV WIMP, indiret detetion or an ILC-like experiment alone an provide us
with limited preision both for the WIMP mass (of the order of 60%) and the κe parameter
(where the results are even worse). Combined measurements an dramatially inrease the
preision, reahing an auray of 25% in mass. If we additionally inlude diret detetion
measurement, we reah a preision of the order of 9%.
For the ase of a 175 GeV WIMP, a point where the unpolarized ILC sensitivity peaks,
we see that the dominant information omes from this soure. Nevertheless, even if we only
ombine diret and indiret detetion experiments, we see that we an, in fat, aquire non-
negligible onstraints on the dark matter andidate mass.
To summarize the analysis, we show in Table 2 the preision expeted for several interesting
dark matter masses. Whereas a light WIMP (50 GeV) an be reahed by both types of dark
matter experiments with a relatively high level of preision, our analysis fails in the ILC ase
beause of the relativisti nature of the WIMP. On the ontrary, the ILC would be partiularly
eient to disover and measure a WIMP with a mass of about 175 GeV. Conerning a 500
GeV WIMP, whih is kinematially unreahable at the linear ollider, it would be diult to
be observed by GLAST or XENON. Only a lower bound (250 GeV for XENON, 150 GeV for
GLAST) ould be determined experimentally.
7 Conlusions
A Weakly Interating Massive Partile (WIMP), with mass lying from the GeV to the TeV
sale, is one of the preferred andidates for the dark matter of the Universe.
We have disussed the possibility of identifying WIMP properties in a model-independent
way. For that we have onsidered diret and indiret searhes, and in partiular the interesting
ases of a XENON-like 100 kg. experiment and the GLAST satellite. We have shown that
whereas diret detetion experiments will probe eiently light WIMPs given a positive de-
tetion (at the 10% level for mχ . 50 GeV), GLAST will be able to onrm and even inrease
the preision in the ase of NFW prole, for a WIMP-nuleon ross-setion σχ−p . 10
−8
pb.
Moreover, both XENON and GLAST are omplementary with a future ILC projet, and
the measurements from the three experiments will be able to inrease signiantly the preision
that we an reah on the mass of the WIMP.
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Figure 13: Comparison between a 100 kg XENON-like experiments (dotted line) with σχ−p = 10
−7
pb, GLAST
(dashed line) in the ase of an NFW halo prole with 〈σv〉 = 3 · 10−26 m3s−1, and unpolarized ILC sensitivity
(solid line) at 2σ of ondene level, for dierent WIMP masses mχ = 100 and 175 GeV, and κe = 0.3.
20
Y.M. would like to thanks the members of the Institute for Theoretial Physis of Warsaw
for their warm hospitality, and nanial support via the "Marie Curie Host Fellowship for
Transfer of Knowledge", MTKD-CT-2005-029466. The work of A.G. is sponsored by the
hepTOOLS Researh Training Network MRTN-CT-2006-035505. The work of C.M. was sup-
ported in part by the Spanish DGI of the MEC under Proyetos Naionales FPA2006-01105
and FPA2006-05423, by the European Union under the RTN programs MRTN-CT-2004-




In this Appendix we present the method followed in order to obtain the funtions desribing the
standard model partile deay into γ-rays. In order to determine these spetral funtions, we
generated 300000 events of standard model partiles deaying (diretly or through seondary
deays) into γ-rays using the PYTHIA [30℄ pakage, taking are in order to inlude all possible
deay hannels. Following the method of Ref. [31℄ and using the CERNLIB RLSQPM Fortran
funtion, we tted the resulting spetra through funtions of the form:
dN iγ
dx
= exp [Fi( ln(x) )] , (7.23)
where i represents the i-th WIMP annihilation hannel, i = WW,ZZ, et; x = Eγ/mχ with
mχ being the WIMP mass and F are seventh-order polynomial funtions whih were found
to be the following:
WW (x) = −7.72088528 − 8.30185509x − 3.28835893x2 − 1.12793422x3
− 0.266923457x4 − 0.0393805951x5 − 0.00324965152x6 − 0.000113626003x7 ,
ZZ(x) = −7.67132139 − 7.22257853x − 2.0053556x2 − 0.446706623x3
− 0.0674006343x4 − 0.00639245566x5 − 0.000372241746x6 − 1.08050617 · 10−5 x7,
bb¯(x) = −11.4735403 − 17.4537277x − 11.5219269x2 − 5.1085887x3
− 1.36697042x4 − 0.211365134x5 − 0.0174275134x6 − 0.000594830839x7 ,
uu¯(x) = −4.56073856 − 8.13061428x − 4.98080492x2 − 2.23044157x3
− 0.619205713x4 − 0.100954451x5 − 0.00879980996x6 − 0.00031573695x7 ,
dd¯(x) = −4.77311611 − 10.6317139x − 8.33119583x2 − 4.35085535x3
− 1.33376908x4 − 0.232659817x5 − 0.0213230457x6 − 0.000796017819x7 ,
τ−τ+(x) = −5.64725113 − 10.8949451x − 7.84473181x2 − 3.50611639x3
− 0.942047119x4 − 0.14691925x5 − 0.0122521566x6 − 0.000422848301x7 .
The ase of WIMP annihilation into e+e− or µ+µ− pairs does not ontribute to the
photon spetrum (apart from very small ontributions in the ase of muons, oming from the
µ→ e−ν¯eνµγ hannel, whih has a relatively small branhing ratio). This means, pratially,
that the e+e− and µ+µ− spetral funtions are set equal to zero. A graphial representation
of these funtions an be seen in Fig.14.
These funtions an afterward be used in order to generate any gamma-ray ux aording
to eq. (3.6)
As we an see, all ontributions are quite similar, apart from the τ−τ+ hannel whih















































Figure 14: Separate ontributions from standard model partiles deaying into γ-rays for mχ = 100 and 500 GeV.
The PYTHIA result points have been suppressed for the sake of larity.
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